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ABSTRACT
The OH+ ions are widespread in the interstellar medium and play an important role in the
interstellar chemistry as they act as precursors to the H2O molecule. Accurate determination of
their abundance rely on their collisional rate coefficients with atomic hydrogen and electrons.
In this paper, we derive OH+–H fine and hyperfine-resolved rate coefficients by extrapolating
recent quantum wave packet calculations for the OH+ + H collisions, including inelastic
and exchange processes. The extrapolation method used is based on the infinite order sudden
approach. State-to-state rate coefficients between the first 22 fine levels and 43 hyperfine levels
of OH+ were obtained for temperatures ranging from 10 to 1000 K. Fine structure-resolved
rate coefficients present a strong propensity rule in favour of j = N transitions. The
j = F propensity rule is observed for the hyperfine transitions. The new rate coefficients
will help significantly in the interpretation of OH+ spectra from photon-dominated region
(PDR), and enable the OH+ molecule to become a powerful astrophysical tool for studying
the oxygen chemistry.
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1 IN T RO D U C T I O N
Molecular ions play a central role in the chemistry of the inter-
stellar medium (ISM). Their high reactivity with neutral species
often dominates the interstellar chemistry and is responsible for the
formation of many (complex) molecules. Among the interstellar
ions, the hydroxyl cation OH+, which is involved in a number of
astrochemical processes, is of particular interest.
Since its first detection in absorption (Wyrowski et al. 2010),
OH+ has been observed in absorption and emission in a variety of
interstellar environments including diffuse ISM (Gerin et al. 2010;
Neufeld et al. 2010; Porras et al. 2014), hot and dense photon-
dominated region (PDR; van der Tak et al. 2013), the nuclei of
active galaxies (van der Werf et al. 2010; Gonza´lez-Alfonso et al.
2013), planetary nebulae (Etxaluze et al. 2014) and PDRs associated
with ultra-compact H II regions (Pilleri et al. 2014).
In addition, the OH+ ions play an important role in the interstel-
lar chemistry as they act as precursors to the H2O molecule. The
chemistry of OH+ in molecular clouds is rather well understood.
The formation of OH+ successively follows two different pathways
(Hollenbach et al. 2012). In region where most of the hydrogen is
atomic, the production of OH+ proceeds through
H CR→ H+ O→ O+ H2→ OH+. (1)
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Conversely, where most of the hydrogen is molecular, the produc-
tion of OH+ proceeds through
H2
CR→ H+2
H2→ H+3 O→ OH+. (2)
Hydrogen abstraction reactions then lead to the subsequent forma-
tion of H2O+ and H3O+. Dissociative recombination with electrons
destroys these species yielding neutral OH and H2O along with other
products. These competing processes determine the relative abun-
dances of OH+, H2O+ and H3O+, and thus allow the abundance of
these species to act as a probe of cosmic ray and X-ray ionization
rates and molecular hydrogen fractions in molecular clouds (Gerin
et al. 2010; Hollenbach et al. 2012; Indriolo et al. 2015).
Since OH+ is very reactive and rapidly destroyed after its for-
mation, its rotational populations is expected to be out of local
thermodynamic equilibrium and may be driven by the chemical
state-to-state pumping mechanism of equation (1). Go´mez-Carrasco
et al. (2014) computed state-to-state rate constants for the chemical
pumping mechanism of equation (1) and introduced them in ra-
diative transfer models to simulate the rotational emission of OH+
from PDRs. In addition, the OH+ radiative Einstein coefficients
for infrared and UV transitions were calculated together with the
inelastic collisional rates for OH+(3−)–He collisions. These last
values were scaled to get a rough estimate of the rate coefficients
for the collisions of OH+(3−) with H and H2. Surprisingly, it
was found that the inelastic collisions dominate over the chemical
pumping for determining the emission from low rotational states of
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OH+(3−). Chemical pumping may dominate the emission from
higher rotational states of OH+(3−), since inelastic collisions are
less efficient. Unfortunately, at present, there are not any observa-
tions available for intermediate- and high-excited rotational states
of OH+.
Such conclusion clearly indicates that the two processes, inelastic
and reactive, compete in determining the rotational populations
of OH+ and that both have then to be calculated accurately for
modelling the physical conditions and the abundance of OH+ in
the different astrophysical environments. In particular, it was found
that the excitation of the first rotational levels is primarily driven by
inelastic collisions with electrons and atomic hydrogen.
Recently, to overcome the lack of collisional data1 for the OH+
ions, we have investigated the OH+(3−, v, N) + H → H +
OH+(3−, v′, N′) collisions (Bulut, Lique & Roncero 2015). Two
competing mechanisms were included, the pure inelastic and the
reactive mechanisms, in which an H atom is exchanged (exchange
mechanisms). Since the products of these mechanisms are the same,
the cross-section for the two mechanisms were added together to
give the total cross-section. Thus, the total (inelastic plus exchange)
state-to-state cross-sections were computed using an exact quantum
wave packet (WP) method on doublet and quartet electronic states
correlating to the open shell reactants, for collision energies up to
6000 cm−1. Due to the presence of deep potential wells, the exact
calculations for this reaction is computationally very demanding,
and restricted to low rotational states, N = 0, since the cost grows as
2N + 1. Moreover, nowadays, it is not possible to include the fine
and hyperfine structure of the OH(3−) molecule in the quantum
dynamical calculations, whereas they are resolved in the astronom-
ical observations leading the new set of data difficult to use in
astrophysical applications.
The aim of this work is to use the WP state-to-state cross-sections
for the OH+(3−)+ H collisions to generate a new set of fine- and
hyperfine-resolved data that can be used in radiative transfer models.
The WP cross-sections obtained for low initial rotational states N are
first extrapolated to higher N ≤ 7 values using a formalism based on
the infinite order sudden (IOS) approximation. Thus, we construct
a full set of rotational rate coefficients (with rotational levels j, j′ ≤
7). Subsequently, we obtain the corresponding fine- and hyperfine-
resolved rate coefficients using a recoupling technique based also on
the IOS approximation. The paper is organized as follows : Secction
2 provides a brief description theoretical approach. In Section 3, we
present the results. Concluding remarks are drawn in Section 4.
2 C O M P U TAT I O NA L M E T H O D O L O G Y
The collisions between OH+(3−) and H(2S) can take place on two
different potential energy surfaces (PESs), the ground quartet and
doublet electronic states of the H2O+ system. In this work, we used
the H2O+ quartet and doublet PESs, that were previously generated
by Martı´nez, Milla´n & Gonza´lez (2004) and Paniagua et al. (2014),
respectively.
The doublet PES presents a very deep insertion well,
≈50 000 cm−1 deep. The quartet PES shows also a deep well of
≈16 000 cm−1. Scattering calculations were performed on the two
PESs independently.
1 Stoecklin et al. (2015) published recently a ro-vibrationally inelastic close
coupling study of the rotational excitation of OH+(3−) by collisions with H
where both the fine and hyperfine structures as well as the reactive channels
were neglected.
The long range parts of the two PESs were not accurately de-
scribed. Long-range interactions are expected to significantly influ-
ence the magnitude of the collisional rate coefficients at very low
temperature. In this work, despite we did not consider these very low
temperatures, the magnitude of the collisional data may be slightly
uncertain for the lowest temperatures considered. Nevertheless, as
we are not in the (ultra)cold regime, we expect the present data
to be accurate within a few to a few 10th per cent. We also stress
the importance of performing some work including the proper long
range behaviour in the OH+H channels.
2.1 WP calculations
The state-to-state cross-sections for the reactive collisions
Ha + OHb(v,N ) → Ha + OHb(v′, N ′) Inelastic (I)
→ OHa(v′, N ′) + Hb Exchange (E)
were calculated by Bulut et al. (2015) using the usual partial wave
expansion as
σα,v,N→α′,v′,N ′ (Ek) = π
k2
1
2N + 1
Jmax∑
J=0
∑
,′
(2J + 1)
×P JαvN→α′v′N ′′ (Ek), (3)
where J is the total angular momentum quantum number, and ,
′ are the projections of the total angular momentum on the reac-
tant and product body-fixed z-axis, respectively. α = I, α′ = I or E
denotes the rearrangement channel, while (v, N) and (v′, N′) denote
the initial and final vibrational and rotational quantum numbers of
the diatomic fragments, respectively. k2 = 2μrEk/2 is the square
of the wave vector for a collision energy Ek, and P Jvj→v′j ′′ (Ek)
are the transition probabilities, i.e. the square of the corresponding
S-matrix elements.
The S-matrix elements are calculated for each partial wave, J.
These calculations are performed with a quantum WP method using
the MAD-WAVE3 program (Zanchet et al. 2009) in an energy grid of
1000 points in the 10–6000 cm−1 collision energy interval. Because
of the high computational cost of these simulations, they are only
performed for J = 0, 1, 5, 10, 15, 20, 25, 30, 40, 50, . . . , 110, while
for intermediate J values, they are interpolated. The convergence
analysis and the parameters used in the propagation for each of the
two PESs used are described in detail in Bulut et al. (2015). Also,
the calculations in Bulut et al. (2015) were restricted to N = 0.
Since the two rearrangement channels, inelastic and exchange,
yields to the same products, the corresponding cross-sections are
summed for each electronic state S = 1/2 and 3/2 for the doublet
and quartet states independently as
σS0→N ′ (Ek) = σα=I ,v,N=0→α′=I ,v′,N ′ (Ek)
+σα=I ,v,N=0→α′=E,v′,N ′ (Ek). (4)
The vibrational quantum numbers were removed to simplify the
notation, since hereafter, only v = v′ = 0 will be considered. Finally,
the cross-sections for each of the two electronic states are summed
with the proper degeneracy factor to give the total collision cross-
sections as
σ0→N ′ (Ek) = 23σ
S=3/2
0→N ′ (Ek) +
1
3
σ
S=1/2
0→N ′ (Ek). (5)
From the total collision cross-sections σ0→N ′ (Ek), one can obtain
the corresponding thermal rate coefficients at temperature T by an
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average over the collision energy (Ek) (Smith 1980):
k0→N ′ (T ) =
(
8
πμk3BT
3
)1/2
×
∫ ∞
0
σ0→j ′ (Ek) Ek exp(−Ek/kBT ) dEk, (6)
where kB is Boltzmann’s constant and μ the reduced mass.
2.2 IOS calculations
In this section, we describe how the state-to-state rotational, fine
and hyperfine rate coefficients for the OH+–H collisional system
were computed using IOS methods (Goldflam, Kouri & Green 1977;
Faure & Lique 2012) and the above k0→N ′ (T ) WP rate coefficients
as ‘fundamental’ rate coefficients (those out of the lowest level).
For complex forming collisions as the OH+–H collisions, one
may expect a statistical behaviour for the collisional excitation pro-
cess so that the final fine and hyperfine levels population will be
statistical. However, as shown by Bulut et al. (2015), the present
process is not statistical and we expect the IOS approach to describe
correctly the respective final population of the fine and hyperfine
levels.
For OH+ in its ground electronic 3− state, the molecular en-
ergy levels can be described in the Hund’s case (b) limit.2 The
fine structure levels are labelled by Nj, where N is the rotational
angular momentum and j the total molecular angular momentum
quantum number with j = N + S, where S is the electronic spin.
For molecules in a 3− state, S = 1. Hence, three kinds of levels
(j = N − 1, j = N and j = N + 1) exist, except for the N = 0
rotational level which is split into only one level.
The hydrogen atom also possesses a non-zero nuclear spin (I =
1/2). The coupling between I and j results in a splitting of each
level into two hyperfine levels (except for the N = 1, j = 0 level
which is split into only one level). Each hyperfine level is designated
by a quantum number F (F = I + j ) varying between |I − j| and
I + j.
Using the IOS approximation and neglecting the OH+ fine and
hyperfine structure, it can be shown that the pure rotational rate
coefficients kIOSN→N ′ (T ) can be calculated as follows (e.g. Corey &
McCourt 1983)
kIOSN→N ′ (T ) = (2N ′ + 1)
∑
L
(
N ′ N L
0 0 0
)2
k0→L(T ). (7)
In the usual IOS approach, k0 → L(T) is calculated for each collisional
angle. Here, however, we use this expression to extrapolate the rate
coefficients for different initial N, using as k0 → L(T) the one of
equation (6) obtained with a more accurate quantum WP method.
Similarly, for a 3− electronic state molecule, IOS rate coeffi-
cients among fine structure levels can be obtained from the k0 → L(T)
rate coefficients using the following formula (e.g. Corey & McCourt
1983):
kIOSNj→N ′j ′ (T ) = (2N + 1)(2N ′ + 1)(2j ′ + 1)
∑
L
×
(
N ′ N L
0 0 0
)2{
N N ′ L
j ′ j S
}2
× k0→L(T ),
(8)
2 For 3− electronic ground-state molecules, the energy levels are usually
described in the intermediate coupling scheme (Gordy & Cook 1984; Lique
et al. 2005). However, the use of IOS scattering approach implies to use the
Hund’s case (b) limit.
where ( ) and { } are respectively the ‘3-j’ and ‘6-j’ symbols.
Again, we use the IOS expression to perform a recoupling, (i.e.
consider that the electronic spin acts as an spectator during the
collision and do not affect the collision cross-sections). Using the
‘accurate’ k0 → L(T) in equation (8) allows us to extract the fine-
resolved rate coefficients through a recoupling technique based on
the IOS formalism.
The hyperfine-resolved rate coefficients in case of a 3− elec-
tronic state molecule can also be obtained from the fundamental
rate coefficients as follows (Daniel et al. 2005)
kIOSNj→N ′j ′ (T ) = (2N + 1)(2N ′ + 1)(2j + 1)(2j ′ + 1)
× (2F ′ + 1)
∑
L
(
N ′ N L
0 0 0
)2
×
{
N N ′ L
j ′ j S
}2{
j j ′ L
F ′ F I
}2
× k0→L(T ).
(9)
In addition, we note that the fundamental excitation rates k0 → L(T)
were, in practice, replaced by the de-excitation fundamental rates
using the detailed balance relation:
k0→L(T ) = (2L + 1)kL→0(T ), (10)
where
kL→0(T ) = k0→L(T ) 12L + 1 e
εL
kBT , (11)
εL is the energies of the rotational levels L.
This procedure was indeed found to significantly improve the
results at low temperatures due to important threshold effects.
Faure & Lique (2012) have investigated the accuracy of the
present theoretical approach in the case of HCN and CN molecules.
It has been shown to be accurate, even at low temperature, and has
also been shown to induce almost no consequence on the radiative
transfer modelling compared to a more exact calculation. However,
the OH+ molecule is much lighter than HCN or CN and may be less
adapted to IOS-type treatment. Hence, as seen below, inaccuracies
of a factor up to two can occur, especially at low temperatures. In
addition, we note that with the present approach, some fine and
hyperfine rate coefficients are strictly zero. This selection rule is ex-
plained by the ‘3-j’ and ‘6-j’ Wigner symbols that vanish for some
transitions. Using a more accurate approach, these rate coefficients
will not be strictly zero but will generally be smaller than the other
rate coefficients.
3 R ESULTS
Using the computational methodology described above, we have
generated rotational-, fine- and hyperfine-resolved rate coefficients
for the OH+–H collisional system using the WP rate coefficients
in order to provide the astrophysical community with the first set
of data for the OH+–H collisional system. In all the calculations,
we have considered all the OH+ energy levels with N, N′ ≤ 7
and we have included in the calculations all the fundamental rate
coefficients with L ≤ 12. The complete set of (de-)excitation rate
coefficients is available online from the LAMDA (Scho¨ier et al.
2005) and BASECOL (Dubernet et al. 2013) websites.
3.1 Rotational excitation
First, we checked the accuracy of the IOS-based approach for the
rotational excitation by comparing the results to exact quantum
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Figure 1. Comparison between IOS (solid lines) and WP (dashed lines)
rate coefficients for the N → N = 1′ de-excitation transitions of OH+ due
to H collisions on the quartet PES.
calculations performed using WP techniques. In Bulut et al. (2015),
WP cross-sections were also computed for the N = 1 → N′ transi-
tions but only on the quartet PES. We compare the rate coefficients
obtained from these WP cross-sections to that obtained using the
IOS approach. The comparison is done for de-excitation transi-
tions and the de-excitation WP rate coefficients were obtained from
excitation rate coefficients using detailed balance procedure. The
comparison is presented in Fig. 1.
The agreement between the two sets of data is very encouraging.
Both the magnitude and the temperature variation of the rate coeffi-
cients is very similar for all transitions. As expected, the agreement
is excellent at moderate to high temperatures (less than 5–10 per cent
of difference) and the mean deviations between the two sets of data
occur at low temperature where the accuracy of the IOS approach
is expected to be moderate. Deviations up to a factor of 2 are seen
below 50 K.
Such comparison clearly indicate that the IOS sets of rate coef-
ficients are accurate enough for astrophysical purpose and can be
used with confidence to analyse OH+ emission spectra from warm
environment where atomic hydrogen is abundant. We do not expect
the use of IOS methods to generate fine- and hyperfine-resolved data
to introduce much more inaccuracies, since the fine and hyperfine
structure splitting is very weak and much less than the rotational
splitting.
The variation with temperature of pure OH+–H rotational de-
excitation rate coefficients (summed over the two electronic states
involved in the collision) is presented in Fig. 2.
One can clearly see that, at low temperature, the rate coefficients
increase with increasing temperature. At higher temperatures, rate
coefficients are almost independent of the temperature. The weak
temperature dependence of the rate coefficients (except at low tem-
perature) could have been anticipated, on the basis of Langevin
theory for ion-neutral interactions.
We also note that the magnitude of the rate coefficients decrease
with increasing N. In our case, OH+ is an heteronuclear diatomic
molecule, that induces a significant anisotropy of the PES in regard
with H approach, as shown on the PES cuts in fig. 1 of Bulut
et al. (2015). McCurdy & Miller (1977) have shown that if the
anisotropy of the PES is strong enough, there is an inversion of
Temperature (K)
0 200 400 600 800 1000
R
at
e 
co
ef
fic
ie
nt
s 
(cm
3  
s-
1 )
10-10
0
1
2
3
4
5
6
7
8
5  0
5  1
5  2
5  3
5  4
Figure 2. Typical rotational de-excitation rate coefficients for the OH+
molecule in collision with H as a function of the temperature.
Figure 3. Typical fine-structure resolved de-excitation rate coefficients for
the OH+ molecule in collision with H as a function of the temperature.
the propensity rules (compared to homonuclear diatomic molecules
which have an even N propensity) which become in favour of the
odd N transitions. Such behaviour was already observed for the
HCl molecules in collision with H (Lique 2015).
Finally, it is interesting to note the relative high magnitude of
the rate coefficients (>10−10 cm3 s−1). Usually, rate coefficients for
neutral molecule such as OH molecule are of the order of magnitude
10−11 cm3 s−1. The high magnitude of the rate coefficients can
certainly be explained by the large well depth seen of the PESs that
is due to the presence of a charge. Then, the impact of collisions
will be more important for interstellar ions than for neutral species.
3.2 Fine and hyperfine structure excitation
The thermal dependence of the fine structure-resolved state-to-state
OH+–H rate coefficients is illustrated in Fig. 3 for transitions out
of the N = 5, j levels.
A strong propensity rule exists for j = N transitions. Such
j = N propensity rule was predicted theoretically (Alexander
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Figure 4. Typical hyperfine-resolved de-excitation rate coefficients for the
OH+ molecule in collision with H as a function of the temperature.
& Dagdigian 1983) and is general for molecules in the 3− elec-
tronic state. It was also observed previously for the O2(X3−)–He
Lique (2010), SO(X3−)–He Lique et al. (2005) or NH(X3−)–He
Toboła et al. (2011) collisions.
Fig. 4 presents the temperature variation of the OH+–H hyperfine
resolved rate coefficients for selected N = 5, j = 4, F → N′ = 4, j′,
F′ transitions.
We observe a strong propensity rule in favour of j = F
transitions. This trend is the usual trend for open-shell molecules
(Alexander 1985; Dumouchel et al. 2012; Kalugina, Lique & Kłos
2012).
4 SU M M A RY A N D C O N C L U S I O N
The rotational, fine and hyperfine excitation of OH+ by H have
been investigated. We have obtained fine- and hyperfine-resolved
rate coefficients for transitions involving the lowest levels of OH+
for temperatures ranging from 10 to 1000 K. Fine structure-resolved
rate coefficients present a strong propensity rules in favour of
j = N transition. The j = F propensity rule is observed
for the hyperfine transitions.
These fine- and hyperfine-resolved data are the first computed for
the OH+–H system. Up to these calculations, He-rate coefficients
of Go´mez-Carrasco et al. (2014) (scaled by the ratio of the reduced
mass) were used to model the collisional excitation of OH+ by H.
Hence, it is interesting to compare roughly the OH+–H and OH+–
He collisional data. The He and H data display the same propensity
rules in favour of j = N and j = F transitions. However,
the H rate coefficients are much larger than the He ones (even
corrected by the ratio of the reduced mass) because of the much
stronger well depth in the H2O+ PESs than in the HeOH+ PES. As
a consequence, H collisions will excite OH+ much more than He
collisions and we can anticipate a lowering of the OH+ abundance
derived from emission spectra when using the real H collisional
data.
More generally, we expect that these new data will significantly
help in the accurate interpretation of OH+ emission spectra from
interstellar molecular clouds and enable this molecule to act as
tracer of oxygen chemistry and as a probe of cosmic ray and
X-ray ionization rates and molecular hydrogen fractions in molec-
ular clouds.
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